From publicly available next-gen sequencing datasets of non-model organisms, such as marine protists, arise opportunities to explore their evolutionary relationships. In this study we explored the effects that dataset and model selection have on the phylogenetic inference of the Gonyaulacales, single celled marine algae of the phylum Dinoflagellata with genomes that show extensive paralogy. We developed a method for identifying and extracting single copy genes from RNA-seq libraries and compared phylogenies inferred from these single copy genes with those inferred from commonly used genetic markers and phylogenetic methods. Comparison of two datasets and three different phylogenetic models showed that exclusive use of ribosomal DNA sequences, maximum likelihood and gene concatenation showed very different results to that obtained with the multi-species coalescent. The multi-species coalescent has recently been recognized as being robust to the inclusion of paralogs, including hidden paralogs present in single copy gene sets (pseudoorthologs). Comparisons of model fit strongly favored the multi-species coalescent for these data, over a concatenated alignment (single tree) model. Our findings suggest that the multi-species coalescent (inferred either via Maximum Likelihood or Bayesian Inference) should be considered for future phylogenetic studies of organisms where accurate selection of orthologs is difficult. 33 2011).
INTRODUCTION 27
Historically, the availability of genetic data has been the limiting factor in phylogenetic inference of 28 evolutionary relationships. Now, the breadth of publicly available data sets generated by high throughput 29 sequencing techniques allows for an increasingly detailed investigation into the evolutionary relationships 30 between organisms. The quest to untangle an organism's phylogeny is often challenging but can inform 31 a broad range of further studies, for example epidemiology, toxicology and ecological interactions, e.g. till resuspended. Samples were split in two and transferred to 1.5ml eppendorf tubes. Cellular thecae were ruptured by three rounds of freeze-thaw, with tubes transferred between liquid Nitrogen and 95 • C. along a path of 30 power posteriors. The β values are set equal to the quantiles of the beta distribution 218 with shape parameter α = 0.3 and β = 1, as recommended by Xie et al. (2011) . 220 Tanglegrams were generated with Dendroscope v3.5.9 (Huson et al., 2007) ; images were edited in GIMP 221 (Gimp, 2008) to improve readability.
219
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222
Implementation 223 The analysis workflow in section "Transcriptome processing scripts" was constructed as a Nextflow work-224 flow (Di Tommaso et al., 2017) and is available on Github at https://github.com/hydrahamster/gonya phylo.
225
Packages within the scripts are written in bash, Python 2.7 (Stevens and Boucher, 2018) and pandas 226 (McKinney, 2010) . Source code for the scripts is provided under an open source license. The scripts
227
(1) assemble RNA-seq data sets, (2) identify and extract single copy genes across input taxa with ex-228 tensive paralogy, and (3) align selected genes in preparation for phylogenetic analysis. The data sets 229 were processed on a Genomics Virtual Lab (GVL) (Afgan et al., 2015) instance in the NeCTAR cloud.
230
Phylogenetic analyses were carried out on the University of Technology Sydney's High-performance 231 computing cluster (HPCC) and were accelerated using BEAGLE (Ayres et al., 2011) on the GPU. GPU 232 processing units were either Nvidia Tesla K80 or a Tesla P100.
233
RESULTS
234
Assemblies, annotation files, BUSCOv2 output, single-copy gene alignments and single copy gene MSC 235 BI trace files generated in this study are available on Zenodo doi: 10.5281/zenodo.2576201 236 Transcriptomes overview 237 RNA-seq libraries generated in this study are available in the NCBI sequence read archive (SRA) under 238 the project ID SRP134273. Sequencing of transcriptomes for Gambierdiscus spp. and T.kofoidii generated 239 data sets ranging in size from 143,155,667 to 233,822,334 reads, resulting in 97,634 to 191,224 Support for branches was interpreted as follows, for ML and BI, respectively: 100%/1.0 was considered 250 fully supported, above 90%/0.9 was very well supported, 80%/0.8 and above was interpreted as relatively 251 well supported and above 50%/0.5 was considered weakly supported. Below 50%/0.5 was considered was considered a given for this study. Therefore, the branch separating these taxa from others was used to 256 root ML trees in subsequent analyses where rooting was required for tree layout in visual comparisons.
257
rDNA based phylogeny 258 All nodes were supported, with a range of certainty ( Fig. 1 All nodes except one within the Gambierdiscus species cluster were relatively well supported (Fig. 2) .
269
Species of the genera Alexandrium, Gambierdiscus and Ostreopsis clustered as individual clades with their 270 sister species. The topology showed three distinct, well supported clades: One encompassing Alexandrium, Table S3 . Gonyaulacales (n=16) in purple, outgroups (n=3) in light blue and taxa incertae sedis (n=1) in teal. The topology was rerooted on the branch separating outgroup taxa with the Gonyaulacales. The scale represents the expected number of substitutions per site.
Concatenated single copy gene based phylogeny inferred with BI
276
All nodes resolved with full support, except one node within the genus Gambierdiscus which was very 277 well supported as well as an internal node within the outgroup clade (Fig. 3) . The species in the genera Selection of paralogs to infer species evolution. 371 Inclusion of genes which diverged through a process other than speciation events, such as paralogs,
372
violates the assumptions of most commonly used phylogenetic models which assume all genes analysed 373 have an orthologous relationship. This study sought to mitigate the issues arising from paralogs by 374 identifying and using single copy genes and using a phylogenetic inference method that is robust to the 375 presence of pseudoorthologs (hidden paralogs). Single copy genes were identified via the curated BUSCO 376 gene collection and software. As BUSCO uses lineage specific profile HMM libraries designed to target 377 single copy genes, and the output distinguishes between single copy genes and duplications, it presents a 378 method for reliably screening for single copy genes for phylogenomics (Waterhouse et al., 2017) . Despite 379 the known effect of paralogy on phylogenomic analyses, the first study to address this issue for species 380 inference within the dinoflagellates by using single copy genes as input for the phylogenetic inference The phylogenies inferred by Price and Bhattacharya (2017) and by our study resulted in markedly (2017) (Fig. 5) , where the genus was more closely related to Alexandrium rather than Gonyaulax and 477 Protoceratium in the BI topology. Further, in the MSC analysis Ceratium, Gonyalax, Protoceratium 478 and Thecadinium formed their own clade while with concatenation, Ceratium and Thecadinium were 479 ancestral genera to the rest of the Gonyaulacales. There was a marked difference in the internal branch 480 arrangement, which resulted in different taxa clustering, between the concatenation and MSC methods.
481
The concatenated approach closely mirrored the ML arrangement of taxa, apart from Crypthecodinium 482 placement. Both inferences were topologically distinct to the MSC approach. 
